A self-built micro-particle image velocimetry (micro-PIV) with a diode laser is established to measure the micro-fluidic phenomenon in a 100 µm rectangular capillary. By scanning method, a 3-D flow image with a flowrate of 0.3 µL/min is presented. With this calibration method, the measurement ability for 3-D micro-fluidic dynamics could be achieved. This technique also reveals its benefit and potential in metrology. Hence, it provides a helpful tool for Bio-MEMS research. The experiment is proceeded under laminar flow, Re= 0.011. The measurement range is ranging from 0.05µm/s to 4.3mm/s. The vector grid resolution is optimized to 2.5 µm.
Introduction
Numbers of micro-fluidic devices have been applied to research, diagnosis, and daily-use, such as the droplet volume control in micro-nozzle for commercial printhead, the liquid mixing and separation for bio-chemical reaction, and the flow manipulation in a bio-chip. The channels for micro-fluidic devices should be specially designed to meet various functions for different applications, such as the interaction between the fluid and channel wall in fuel cell, the performance of lab-on-a-chip (µ-TAS) and micro-cooler etc.
Due to the applicability of micro-fluidics in the 21st century [1] , the demands of accurate measurement in micro-scale flow fields are increasing. A good approach to meet the above demands is to improve the present laser anemometry system for micro-fluidic application. Mishina et al. [2] proposed a novel technique based on conventional LDA that initiated a new field by introducing the use of microscope in laser Doppler velocimetry in 1976. For obtaining great resolution, large measurement area, a novel technique combined with image processing and microscope was presented by Santiago et al [3] . Their system achieved a field of view covering an area of 120µm × 120µm. Thus, examining the behavior of fluids in micro-channels became the basis prior to specific micro-fluidic applications. Straight channels have been widely used. For instance, Santiago et al [4] undertook measurements on capillaries. The experimental results showed good agreement with conventional results. Enoksson et al presented a new sensor, consisted of a silicon-based tube, for on-line measurement of fluid density. The function of sensor was based on a resonant silicon tube system to measure the density of the fluid [5, 6] . The sensor's ability to resolve the smallest eddies within a turbulent wall-boundary layer has been discussed. Channels with complex geometry have also been investigated. Furthermore, bent and expanded channels have also recently been investigated [7, 8] .
However, some essential but advanced operational phenomena are not identified yet. Jiang [9] replaced copper line with polysilicon as an innovative material of hot-wire anemometer for micro-flow measurement. Even though sensitivity and SNR increase evidently, invasive approach and directional ambiguity decreased its efficiency. Imai et al. [10] proposed a direct velocity sensor based on PMDI (Path Matching Differential Interferometry) to measure the flow distribution; however, low resolution and time consuming limited its practicability. Chuang et al [11] developed a microscope LDA for flow measurement in a capillary, but it suffered from laser beam alignment. In addition, some other electrical sensors [12] [13] [14] are also presented. However, flow disturbance constrained their use.
As a national measurement lab in Taiwan, one of our missions is to enhance the accuracy of flowrate measurements through the application of laser Doppler anemometry for detailed flow field characterization. In this paper, a modified micro-PIV [15] for 3-D micro-flow measurement was established. An adapted 50-mW diode laser replaced the pulsed Nd:YAG laser, that reduced the light energy to prolong lifetime of the live cells in bio-chip and to protect optical sets in microscope body from damage. Firstly, the micro-PIV was evaluated of its measurement accuracy by a simple calibration procedure. Then, a 2-D velocity distribution in a capillary was obtained by the use of a 60X oil-immersion objective and 200-nm polystyrene micro-spheres. Finally, the scanning 3-D flow profile in a capillary could be achieved by adjusting the vertical axis successively.
Experimental Technique
Volume Illumination. Conventional PIVs fan out the laser beam as a light sheet with a cylindrical lens. The light sheet determines the measurement plane and its out-of-plane resolution. However, in micro-PIV, the flow is volume illuminated and hence, the depth of focus (DOF) of the objective determines the above characteristics. The out-of-plane resolution is expressed by Meinhart et al. [16] as, where n is the refractive index of the fluid between the micro-fluidic device and objective lens, λ is the wavelength of light, NA is the numerical aperture, d p is the particle diameter, and θ is collection angle.
The image diameter can be estimated as
where
and M is the magnification. Experimental Set-up. The experimental arrangement is shown in Figures 1 . The setup comprises of three parts: optical path propagation, micro-fluidic control, and signal-image processing. (i) A 50-mW diode laser with λ = 532.5 nm provided a light source for volume illumination through an inverted microscope (IX70/Olimpus). Fluorescent particles were applied in measurements so that a dichroic mirror and color filters were necessarily installed in a cube cassette. (ii) A 100-µm rectangular capillary, shown in Figure 2 , was connected to a 1-mL syringe (Hamilton) at one end, while the other end was free. Fluorescent micro-spheres of 200 nm (541 nm/611 nm, Duke), suspended in 1-mL DI water, served as flow tracers. By infusing using a syringe pump (U-74901/Cole-Parmer), liquid of fixed flowrate would flow through the capillary continuously. (iii) Timing control is an important process to image acquisition. In this experiment, a synchronizer was introduced for the synchronization of laser and ICCD. The 400-Hz shutter was adapted for double-image acquisition. In addition, a high-speed interline CCD (SensiCam/PCO, 1280 pix × 1024 pix, 12bit) is used for frames capturing. All of the data were transferred to PIV software for cross-correlation analysis. Eventually, a velocity vector map could be obtained.
Imaging and Recording.
For evaluating the efficiency of the micro-PIV system, a simple calibration process was implemented. First of all, the syringe pump was qualified of its flowrate with its displacement. Then, a glass plate with sprayed glycerin droplets was placed on the observing window to simulate a steady uniform flow field. The stage was driven with a constant speed. Finally, the images were captured to analyze the average velocity and the spurious error. The pre-calibration was continuously preceded until all errors and deviations were satisfied with the specified requirements. Following the calibration, the velocity profile in a capillary was to be explored. The sield of view is 100 µm × 80 µm. However, area of homogeneous light intensity of 50 µm × 37.5 µm that only half the flow field was to be measured in this experiment. A micro-PIV parameter table is listed in Table 1 , which indicates that the resolution is 2.5 µm × 2.5 µm. For advanced visualizing the flow field, a 3-D plot is successfully achieved by scanning the micro-channel vertically along the optical axis every 5 µm and hence, a quarter flow filed is presented.
Results and discussion
Measurement Evaluation. A key feature of the micro-PIV is able to show an image through CCD and screen. An image of the micro-PIV is shown in Figure 3 . The calibration plot is illustrated in Figure 4 , indicating that the experimental result agreed well with the standard data. Less than 2% deviation between the standard velocity and the PIV measurement was observed and almost no obvious outliers occurred, implying that the self-built micro-PIV can measure velocity profile excellently.
Velocity Profiles. According to Eq. (1) and Eq.(2), the DOF is 1.85 µm and a 200-nm particle will be scattered in the flow. Based on the above estimates, a 5-µm/step scanning procedure and the smallest size of interrogation window were determined to resolve the 3-D flow profile. In the experiment, some uncertain fluctuations existed due to the micro-particles, especially in the near-wall flow region where the velocity approached zero, just like the Figure 5 . It depicts a post-processed velocity contour map that is measured in a constant flowrate of 0.3 µL/min and Re=0.011. It means that the boundary condition of the micro-fluidic is non-slip. Figure 6 shows the 3-D measured flow velocity distribution in a quarter of cross-section of the rectangular capillary by sequentially scanning the channel in the same conditions. As expected, the experimental results were consistent with the analytical solution shown in Figure 7 . Compare with both of them, the self-assembled micro-PIV has excellent measurement accuracy. Thus, the velocity of the cross-section of the rectangular capillary can be easily obtained by the procedure. The technique can be popularized in the industry and the researchers. It is contributive to the micro-fluidic research.
Conclusions
A self-built micro-PIV with a diode laser was established to explore the micro-fluidic phenomenon. A preliminary study for micro-PIV calibration demonstrated the excellent measurement accuracy and reliability based on careful adjustment and alignment. The velocities analyzed by the micro-PIV were only 2% different from the set velocities and the outliers seldom occurred. Both imply that excellent measurements can be achieved. With a scanning approach, the potentials and benefits to micro-fluidic research by applying this system was proved. In this paper, the experimental flow model in 100-µm micro-channel with flowrate of 0.3 µL/min was established. The further comparisons with computational simulations can be proceeded in the near future. Progress on Advanced Manufacture for Micro/Nano Technology 2005 
